Introduction
Bispecific antibody is a powerful immunotherapy approach that functions by directly engaging immune cells to cancer cells and results in cancer cell death. Over the past several years, a variety of bispecific antibody formats have been proposed. [1] [2] [3] One of the most advanced bispecific antibody formats is the BiTE (bispecific T cell Engager), which consists of 2 tandem single chain Fv (scFv) regions fused to the anti-CD3 scFv that directly engages T cells and the other scFv recognizing cancer cells. 4 BiTE can trigger potent cancer cell death by recruiting T cells to cancer cells. [5] [6] [7] [8] [9] [10] Recently, Blinatumomab, a BiTE antibody that targets the B cell marker CD19, has been clinically approved for treating B cell leukemia. 11 Other BiTE antibodies in development include those that target the epithelial cell adhesion molecule (EpCAM; CD326), 12 prostate-specific membrane antigen (PMSA), 13 and carcinoembryonic antigen (CEA). 14 In this study, we used single domain antibodies to construct a bispecific antibody. Single domain antibodies were derived from the natural camel heavy-chain only antibodies (HCAbs), 15 which lack a light chain and the first constant domain (CH1) and are referred to as VHH. Compared with conventional scFV from human IgGs, a single domain antibody has several superior features, including a lower molecular weight, increased stability, and better solubility. Single domain antibodies have been explored for use as bispecific antibodies by 2 tandem single domain antibodies 16 or in a nanobody format. 17 To recognize cancer cells, we used an anti-CEA single domain antibody. CEA is a heavily glycosylated protein that is involved in cell adhesion and is normally produced by fetal gastrointestinal tissues. However, it is also overexpressed in approximately 95% of gastrointestinal and pancreatic cancers and in most lung and breast carcinomas. 18 As one of the most widely-studied cancer-associated antigens, the serum CEA level can be used as a disease recurrence or prognostic indicator in patients with certain cancers. 19 Because CEA is expressed at low levels at the luminal portion and not expressed at the basolateral surface of epithelial cells in normal tissues, however, localized at all sides of cancer cells in cancer tissue, 20,21 cancer CEA has also been used as a target for immunodiagnosis and/ or immunotherapy. 21 The FDA has approved several radiolabeled anti-CEA antibodies or antibody fragments as imaging reagents, such as 99m Tc-labled CEA-directed arcitumomab (CEA-Scan, Immunomedics, Inc.). 22 Recently, MEDI-565 (also known as MT111 or AMG211), which is a BiTE antibody that redirects T cells to cancer cells expressing CEA, 9 was shown to kill cancer cells with CEA expression, independent of the mutation status in these cells. 14 MEDI-565 is now in Phase I clinical trials in patients with advanced gastrointestinal adenocarcinomas (ClinicalTrials.gov, NCT02291614), thus supporting CEA as a valid target for immunotherapy.
BiSS antibody was constructed by linking an anti-CD16 to engage natural killer cells (NK cells). Autologous or allogeneic NK cell transplants have been used for cancer therapy as NK cells can recognize and kill malignant cells or cells sickened by infection. 23 NK cells are also able to function as effector cells in the bispecific antibody format using anti-CD16 antibodies. 24, 25 CD16 is an Fc receptor, which is present on most NK cells. Upon CD16 binding to Fc or anti-CD16 antibody, NK cells are activated, release cytokines, and kill target cells. 26, 27 Different from the BiTE antibody or other conventional ScFv based bispecific antibodies, the BiSS antibody can be expressed and produced in E. coli in large quantities. The purified antibody recruited NK cells, and the recruited NK cells were able to kill CEA-positive cancer cells in vitro with high potency. In xenograft models, the BiSS antibody significantly suppressed cancer progression. Taken together, these findings indicate that BiSS presents another potential immunotherapy for CEA-positive cancers with potential advantages over other bispecific antibodies.
Materials and methods

Expression vector design and generation of bispecific antibodies
The BiSS antibody was constructed by linking 2 single domain antibodies, anti-CEA and anti-CD16, with a (GGGGS) 3 linker ( Fig. 1 ). Anti-CEA single domain antibody (GenBank: ABS29544.1) and anti-CD16 single domain antibody (Gen-Bank: ABQ52436.1) were synthesized based on sequences published previously. 28, 29 A histidine tag was added to the carboxyl terminus for detection and purification. A DsbA signal peptide was added to the N-terminus to promote periplasmic localization in E. coli. The construct was cloned into pET21a(Novogen) for protein expression and purification.
Protein expression and purification
Periplasmic protein purification of BiSS was performed as described previously. 30 Briefly, BL21 cells transformed with BiSS expression plasmid were inoculated in LB medium containing 100 mg/mL Amp and grown at 37 C until A 600 reached 1.0. Expression of the BiSS was induced with 0.05 mM isopropyl b-1-ithiogalactopyranoside(IPTG) at 16 C for 16 hours. The periplasmic protein fraction was extracted by osmotic shock in the presence of protease inhibitors. The BiSS protein was then purified by immobilized metal affinity chromatography (Qiagen), followed by Q-sepharose HP (GE pharmacia). The flow through of Q-sepharose HP was collected as it contains the purified BiSS protein.
Gel filtration analysis
Gel filtration was performed using HiPrep 16/60 sephacryl S-200 HR (GE health,Cat# 17-0584-10) with a flow rate of 0.5 ml/min. Fractions (1 ml per fraction) were collected, and then subjected to SDS-PAGE analysis under reducing conditions. Protein was visualized by coomassie blue staining. Protein markers (Sigma Aldrich, Cat# MWGF200) were loaded as standard controls for gel filtration analysis.
Cell lines and human NK cell purification
The human ovarian cancer cell line, SKOV-3, and the human colon cancer cell lines, LS174T and HT-29, were purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. SKOV3 was cultured in 1640 medium (Gibco, Life Technologies, China) with 10% HI fetal bovine serum (Gibco, Life Technologies, USA) and 1% Penicillin/Streptomycin (Hyclone), and HT-29 and LS174T were cultured in DMEM medium (Gibco, Life Technologies, China) with 10% HI fetal bovine serum (Gibco, Life Technologies, USA) and 1% Penicillin/Streptomycin (Hyclone).
To isolate human NK cells, fresh peripheral blood mononuclear cells (PBMCs) were isolated from the blood that had been collected from healthy donors by buoyant density centrifugation on Ficoll-Plaque Plus (GE health) at 400 g for 30 min at 20 C. NK cells were then isolated from PBMCs using an EasySep TM Human NK Cell Enrichment Kit according to the manufacturer's instructions (Stem cell Co. Ltd, Cat# 19055).
Flow cytometry assays
Single cell suspensions were incubated with the BiSS antibody or control anti-CEA antibody (R&D, Cat# MAB41281). After washing, the cells were then incubated with FITC-conjugated anti-His IgG (Abcam, Cat# Ab1206) or Alexa 488-conjugated goat-anti-mouse IgG (Lifetechnologies, A11J01) respectively. Flow cytometry analysis was then performed on a FC500 (Beckman Coulter).
Western blot analysis
For western blot analysis of CEA expression, 30 mg of total cell lysate was used for SDS-PAGE. After electrophoresis and membrane transfer, protein gel blot membranes were probed with the BiSS antibody and then anti-His HRP IgG(Abcam, Cat# ab1187). The signal was detected by using Immobilon Western chemiluminescent HRP substrate (Merck Millipore, cat# WBKLS#500).
In vitro cytotoxicity assay
In vitro cytotoxicity assays were performed as described previously. 8, 31 Briefly, cancer cells were plated in 96-well plates at approximately 5,000 cells/well and were incubated overnight at 37 C, 5% CO 2 . Then, 50,000 NK cells and different concentrations of proteins (ranging from 0.0001 to 100 nM) were mixed in growth medium and added to each well. After 48 hrs the Cell Counting Kit-8 reagent (Dojindo) was applied. After 1-4 hour incubation, OD 450nm was measured using a TECAN microplate reader.
In the soluble CEA competition assays, LS174T and SKOV3 cells were incubated with NK cells and 0.01 nM of BiSS. Different concentrations of recombinant CEA protein (Abcam, Cat. # ab81699) were then applied. The cytotoxic assays were then performed as described above.
The cell survival rate was calculated as: [(As-Ab)/(A0-Ab)] Ã 100%, where A s is the absorbent value of the measurement group, A b is the absorbent value of medium and A 0 is the absorbent value of measurement group at 0 nM.
In vivo cancer growth inhibition
Briefly, human colon cancer cells, LS174T cells, were cultured, harvested, and resuspended in PBS. As control group, the cells were then injected subcutaneously into the right flank of NOD/ SCID mouse (1 £ 10 6 LS174T cells per mouse, volume at 0.4 ml). To test the efficacy of BiSS, LS174T were mixed with peripheral blood mononuclear cells (PBMC) that were freshly isolated from healthy donors. The mixed cell suspension was then injected subcutaneously into the right flank of NOD/SCID mouse (1 £ 1 6 LS174T cells and 5 £ 10 6 human PBMCs per mouse, volume at 0.4 ml). One hour after cell engraftment, vehicle control (PBS) or BiSS (20 mg per mouse) were administered intraperitoneally (i.p.) into different treatment group (n D 5 each group). The animals were treated daily (PBS or 20 mg BiSS per mouse) over the following 7 d The cancer volumes were measured using calipers in 2 perpendicular dimensions and calculated using the formula (width 2 £ length)/2. 33 
Results
BiSS protein expression and purification
The BiSS antibody was constructed by fusing an anti-CEA VHH and anti-CD16 VHH with a his-tag at the c-terminal to facilitate Ni-NTA purification (Fig. 1a) . The construct was led by a signal peptide DsbA for periplasmic expression. The BiSS protein purification was conducted by Ni-NTA affinity purification followed by Q-ion exchange chromatography (Fig. 1b) , with a final yield of 0.5 mg/L.
To further characterize the purified BiSS protein, gel filtration was performed to analyze the molecular weight of the BiSS protein. The BiSS protein ran as a single peak with a molecular size of approximately 28 k d , which was the expected size of BiSS monomer, suggesting that the majority of the protein is in the form of monomer, and no protein aggregation was observed ( Fig. 1c ).
BiSS antibody recognizes CEA antigen
To confirm whether the purified BiSS antibody recognizes CEA-positive cells, flow cytometry analysis was conducted using the CEA-positive cell lines LS174T and HT29 and the CEA-negative cell line SKOV3. The BiSS antibody can bind to LS174T cells, though with weaker binding on HT29 cells. It demonstrated no binding to CEA-negative SKOV3 cells (Fig. 2a ). These results are consistent with previous results using other anti-CEA antibodies. 14 Western blot analysis further confirmed that the BiSS antibody successfully recognized CEA on CEA-positive cell lines LS174T and HT29, but not SKOV3 cells (Fig. 2b) . Consistent with the higher binding of BiSS on LS174T cells ( Fig. 2a ), western blot analysis showed much higher CEA expression on LS174T cells than on HT29 cells (Fig. 2b) . These data confirmed that BiSS can specifically bind to CEA on CEA-positive cancer cells.
BiSS kills CEA-expressing cancer cells
To evaluate whether BiSS can trigger cancer cell killing, cytotoxicity assays were performed for different cancer cells. No cytotoxicity was observed for the CEA-negative cell, SKOV3 (Fig. 3a) . For the CEA-positive cell HT29, BiSS induced cytotoxicity, which increased when the BiSS concentration increased (Fig. 3a) . Potent cytotoxicity was induced for the CEA-positive cell lines, LS174, even at 10 ¡3 nM BiSS (Fig. 3a) . No cytotoxicity was observed when BiSS was not present (data not shown) or when NK cells were not present.
The potency of BiSS on cancer cells was further evaluated by using different dosages of BiSS protein. Corresponding to the higher expression of CEA on LS174 cells than HT29 cells, BiSS induced cytotoxicity in LS174 cells at lower concentration (Fig. 3b) .
Because CEA can be released from cancer cells in cancer patients, the presence of soluble CEA in blood may potentially affect the efficacy of BiSS in patients by competing for available binding sites on the cancer cell surface. The effect of soluble CEA on the cytotoxic activity of BiSS was thus examined. Because the typical CEA found in the serum of colon cancer patients was in the range of 4.2-102 ng/ml (~0.023 to 0.56nM), 34 no significant effect of soluble CEA was observed until the concentration reached 2.8 nM, which was well above the highest CEA concentration in patients. These data suggested that soluble CEA can affect BiSS cytotoxic activity but requires very high concentration, similar to the previous results obtained with anti-CEA BiTE bispecific antibody. 14 
BiSS inhibits tumor growth in vivo
To investigate whether BiSS can suppress cancer growth in vivo, LS174T cells were mixed with isolated human PBMCs and then engrafted subcutaneously on NOD-SCID mice. For mice transplanted with either LS174T alone or LS174T with PBMCs, rapid tumor growth was observed. Significant cancer growth inhibition was observed when mice were treated with the BiSS protein in the presence of PBMC (Fig. 4 ). In mice that were treated with BiSS protein, cancers developed in only one of the 5 mice. No cancer growth was observed in the other 4 mice. No body weight loss was observed, and no remarkable toxicity was observed in these mice. These results demonstrated that BiSS can inhibit cancer growth in xenograft mouse models.
Discussion
Cancer immunotherapy has generated great interest because of its potent therapeutic effects on cancer. Among the different approaches for cancer immunotherapy, bispecific antibodies are being intensively investigated. In contrast to traditional antibodies, bispecific antibodies can engage immune cells directly to cancer cells by having 2 different antigen binding sites, with one recognizing cancer cells and the other recognizing immune cells. Recently, blinatumomab, which is a BiTE bispecific antibody against CD19, has resulted in excellent responses in leukemia therapy by engaging T cells. 35 However, single-chain Fv fusions, which are used in BiTE and other similar technologies, are generally less stable 36 and have the tendency to aggregate. 37 Single-chain Fv fusions are also difficult to be expressed in bacteria, 37 similar to other IgG or Fab structure-based bispecific antibodies.
In this study, we constructed BiSS by linking 2 single domain antibodies. Differing from single-chain Fv fusions, the BiSS antibody can be expressed and purified from E. coli with good solubility and stability, which likely reflects the properties of single domain antibodies, including their lower molecular weight and generally more stable than conventional scFv. 37 Studies have shown that single domain antibodies can be expressed in bacterial in large quantities and with excellent solubility and stability. Indeed, our study showed that the BiSS protein can also be expressed in E. coli without compromising its bispecific antibody properties.
The BiSS bispecific antibody in this study targets the carcinoma marker CEA on cancer cells and CD16 on NK cells. In vitro experiments demonstrated that BiSS has potent cytotoxicity on CEA-positive cancer cells, HT29 and LS174T, at very low concentrations, similar to the high potencies observed when using other bispecific antibodies.
Bispecific antibodies using anti-CD16 have been studied previously by constructing fab-like bi-specific molecules. 17 Potent cancer cell cytotoxicity was observed for the Fab-like bispecific antibodies, 17 which suggests the flexibility of single domain antibodies for use as building blocks of bispecific antibodies. Compared with the Fab molecules, the BiSS protein has a lower molecular weight, which may have the disadvantage of more rapid clearance in vivo. However, the lower molecular weight of BiSS may penetrate tumor tissue better. Although our data showed that the BiSS protein is capable of inducing NK cells to kill cancer cells, the detailed molecular mechanism is not well understood. The capacity of bispecific antibodies to induce potent cytotoxicity indicates that similar to T cells, the close proximity of NK cells to cancer cells can trigger cytotoxicity. Further studies are needed to understand this process better.
In summary, a novel bispecific antibody BiSS was developed via the fusion of 2 single domain antibodies. Similar to other bispecific antibodies, BiSS can trigger potent cancer cell cytotoxicity, which suggests that single domain antibody holds great flexibility and promise for use as building blocks of bispecific or multi-specific antibodies.
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